ABSTRACT This post hoc analysis examined the differences in idiopathic pulmonary fibrosis disease progression and the effects of pirfenidone in patients stratified by more preserved versus less preserved baseline lung function status using forced vital capacity (FVC) or GAP (gender, age and physiology) index stage.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, irreversible and fatal lung disease with median survival of ∼2-5 years from diagnosis [1, 2] . The course of IPF is highly unpredictable with significant variation across individuals; some patients have gradual worsening of lung function over the course of years, some patients remain stable over many months to years, other patients decline rapidly from disease onset, and still others experience periods of clinical stability interrupted by episodes of acute exacerbations and respiratory worsening [3] [4] [5] . As a result, it is difficult to characterise disease progression in IPF. Similarly, there is no universal definition for IPF disease severity or staging; however, forced vital capacity (FVC) and the GAP (gender, age and physiology) index have been used for this purpose.
FVC is considered a reliable measure of disease progression in patients with IPF [2, 6] . Despite the ongoing debate on the merits of FVC as a surrogate marker, including use of relative versus absolute decline in FVC [7, 8] , evidence-based guidelines for the management of IPF suggest that measuring an absolute decline in ⩾10% FVC is an acceptable method of estimating the risk of mortality [2] . The GAP index uses four baseline variables (gender, age and physiology: FVC and diffusing capacity of the lung for carbon monoxide (DLCO)) to predict mortality risk in IPF [9, 10] . The GAP index is not useful for predicting future decline in pulmonary function [11] ; however, GAP stages I, II and III have predicted 1-year mortalities of 6%, 16% and 39%, respectively [10] . This simple, multidimensional index may provide a proper basis for discussing prognosis and management options, and the ability to identify at-risk populations [10] . Although the GAP index is influenced by gender and age, and was developed as an indicator of mortality risk, in the context of a 52-week study where gender does not change and age increases marginally, the GAP index is useful as a measure of lung function.
Both pirfenidone and nintedanib have been approved in multiple countries (including Europe and the USA) for the treatment of IPF. Pirfenidone is an oral antifibrotic agent with anti-inflammatory properties shown to decrease disease progression in IPF, as assessed by lung function, exercise tolerance and progression-free survival [12] [13] [14] . A pooled analysis of data from the phase 3 CAPACITY and ASCEND trials showed that pirfenidone significantly reduces all-cause mortality and treatment-emergent IPF-related mortality at 1 year [12] . Pirfenidone is generally well tolerated in patients with IPF.
In a disease such as IPF, in which the available approved treatment options delay disease progression but are not curative, intervention early in the disease course may be the appropriate strategy to preserve functional status and extend life, rather than take the "watch-and-wait" approach; however, published data to support this hypothesis are lacking. The present analysis reports the efficacy and safety outcomes at 12 months in patients treated with pirfenidone 2403 mg·day −1 or placebo in the pooled CAPACITY and ASCEND study populations (n=1247), as stratified by baseline FVC or GAP index stage. The objectives of this analysis were to better understand the differences in disease progression and to determine whether treatment with pirfenidone is beneficial regardless of baseline disease stage by examining the effects of pirfenidone in patients stratified by more preserved versus less preserved baseline lung function using FVC or GAP index stage.
Patients and methods

Data sources
In this post hoc analysis, data were pooled from patients (n=1247) who were randomised to pirfenidone 2403 mg·day −1 or placebo in the three phase 3 controlled trials, CAPACITY (PIPF-004 and PIPF-006 studies) and ASCEND (PIPF-016 study) [12, 13] . Analyses were conducted by stratifying patients by baseline lung function using FVC (FVC ⩾80% versus <80%) or GAP index stage. Only 86 patients were classified as having GAP stage III disease (54 received pirfenidone and 32 received placebo) and could not be meaningfully analysed as a separate group; therefore, patients with GAP stage II and III disease were pooled for the purpose of this analysis (i.e. GAP stage I versus II-III). Patients with baseline FVC ⩾80% predicted or GAP stage I were considered to have "more preserved" lung function, while those with baseline FVC <80% predicted or GAP stage II-III had "less preserved" lung function.
Efficacy and safety outcomes Efficacy outcomes were assessed at 12 months and included categorical and mean absolute decline in FVC % predicted, 6-min walking distance (6MWD) and dyspnoea using the University of California San Diego Shortness of Breath Questionnaire (UCSD SOBQ) scores. The UCSD SOBQ is a 24-item questionnaire that assesses patient-reported shortness of breath on a six-point scale (0="not at all" to 5="maximal or unable to do because of breathlessness") while performing a variety of activities of daily living [15] .
Safety outcomes were recorded as treatment-emergent from the first dose up to 28 days after the last dose of study drug. The safety outcomes included treatment-emergent adverse events, treatment-emergent adverse events leading to discontinuation, treatment-emergent serious adverse events and treatment-emergent deaths.
Statistical analyses
Efficacy outcomes in both studies were assessed every 3 months for 1 year. Months 3, 6, 9, 12 correspond to weeks 12, 24, 36 and 48 for PIPF-004 and PIPF-006, and to weeks 13, 26, 39 and 52 for PIPF-016. The baseline assessment was the mean of the two FVC measurements obtained at the screening and day 1 visits. For PIPF-016, the 12 months assessment was the mean of the two FVC measurements obtained at the two week 52 visits. Missing FVC, 6MWD and UCSD SOBQ values were imputed by using the sum of squared differences method [12] .
For categorical analyses, the proportions of patients experiencing ⩾10% decline in FVC or death, ⩾50 m decline in 6MWD or death and worsening of ⩾20 UCSD SOBQ points or death were summarised at 12 months, and presented according to treatment group and baseline FVC/GAP index stage subgroups. An absolute decline in FVC ⩾10% was chosen based on previous data demonstrating a minimal clinically important difference (MCID) of 2-6% and that a decline ⩾10% was associated with an 8-fold increase in the risk of 1-year mortality in patients with IPF [6, 16] . Similarly, a categorical decline of ⩾50 for 6MWD was chosen based on previously reported MCIDs between 24 and 45 m and a 3-fold increased risk of mortality for patients who demonstrated a >50 m decline [17] [18] [19] [20] . The UCSD SOBQ cut-off of 20 points is well above the MCID estimate of 8 points for UCSD SOBQ in patients with IPF [21] . Treatment-emergent death was recorded as death due to any cause during the period from randomisation to 28 days after receiving the last dose of the study drug.
Time-to-event analysis of disease progression for FVC, 6MWD or UCSD SOBQ was based on a decline category with confirmation at a subsequent assessment. The outcome variables were compared between subgroups using the log-rank test with subgroup as the only term in the model, stratified (fixed effects) by study (PIPF-004, PIPF-006 and PIPF-016) and geographic region (USA and the rest of the world). A proportional hazards model was used to estimate the hazard ratio for categorical disease progression between baseline stages of lung function.
Treatment-by-subgroup interaction was tested based upon a rank analysis of covariance model, with standardised ranked change from baseline as the outcome variable and standardised ranked baseline value of % FVC as the covariate in the model. Other factors in the model included study, geographic region, treatment group, lung function subgroup and treatment-by-subgroup interaction as fixed effects. Deaths were ranked according to time until death, where earlier incidences of death were ranked worse than later-occurring deaths.
Sensitivity analyses evaluated the linear slope of the change in FVC (both % pred and L) without imputation through month 12 by treatment group and baseline FVC/GAP index stage subgroups.
The standardised mean difference (defined as mean difference divided by standard deviation of the difference) was assessed following the methods described in HIGGINS and GREEN [22] .
Results
Baseline characteristics
In this post hoc analysis, data were pooled from 1247 patients who were randomised to pirfenidone 2403 mg·day −1 or placebo in the phase 3 CAPACITY and ASCEND trials. Patients were categorised using baseline FVC (⩾80% (n=146 and n=170 in the pirfenidone and placebo groups, respectively) and <80% (n=477 and n=454, respectively)) or GAP index stage (GAP stage I (n=247 and n=235, respectively) and II-III (n=376 and n=387, respectively)). The GAP index stage could not be calculated for two patients due to missing data.
Baseline demographic and clinical characteristics were generally similar across all four groups (table 1) , with no unexpected differences between patients with FVC ⩾80%/GAP stage I versus FVC <80%/GAP stage II-III.
Disease progression by FVC and GAP index category Disease progression was assessed over 12 months in the pooled placebo population. Overall, patients with both more preserved and less preserved lung function demonstrated clinically significant disease progression at 12 months in terms of categorical declines in FVC, 6MWD and dyspnoea scores (online supplementary table S1). The proportion of patients with baseline FVC <80% who experienced a decline of ⩾10% FVC or death over 12 months was not statistically different from those with baseline FVC ⩾80%, (hazard ratio 1.28 (95% CI 0.85-1.92), p=0.2403; figure 1a ). In contrast, the likelihood of experiencing a decline of ⩾50 m in 6MWD (or death) or a change of ⩾20 points in the UCSD SOBQ total score (or death) was significantly greater in patients with baseline FVC <80% compared with patients with baseline FVC ⩾80% (6MWD hazard ratio 1.67 (95% CI 1.16-2.41), p=0.0049 and UCSD SOBQ hazard ratio 2.68 (95% CI 1.71-4.21), p<0.0001).
Similar observations were made when categorising the patients by baseline GAP index stage (figure 1b). The likelihood of experiencing a decline of ⩾10% FVC or death (hazard ratio 1.34 (95% CI 0.93-1.94), p=0.1175) over 12 months was not statistically different between patients with GAP stage I and II-III disease; however, patients with GAP stage II-III disease were significantly more likely to experience a ⩾50 m decline in 6MWD or death (hazard ratio 1.77 (95% CI 1.28-2.45), p=0.0004) or a ⩾20 point worsening in the UCSD SOBQ total score or death (hazard ratio 2.32 (95% CI 1.61-3.33), p<0.0001) compared with patients with GAP stage I disease.
Treatment effect of pirfenidone
Treatment effect of pirfenidone versus placebo As observed in the pooled placebo population, patients in the pooled pirfenidone population with less preserved (FVC <80%/GAP stage II-III) and more preserved (FVC ⩾80%/GAP stage I) baseline lung function demonstrated a clinically significant categorical worsening in FVC, 6MWD and UCSD SOBQ scores at 12 months (online supplementary table S2). The proportion of patients in each lung function subgroup experiencing categorical declines above a given threshold for different efficacy outcomes was similar across classification methods (FVC versus GAP index).
Pirfenidone treatment reduced the decline in categorical and absolute FVC, 6MWD and UCSD SOBQ scores at 12 months compared with placebo (figure 2). Patients treated with pirfenidone were significantly less likely to have a ⩾10% decline in FVC or death over 12 months compared with patients who received placebo ( p<0.0001 for all subgroups). Pirfenidone-treated patients in the GAP stage I, GAP stage II-III and FVC <80% subgroups at baseline were also less likely to experience a ⩾50 m decline in 6MWD or death compared with placebo-treated patients; however, the treatment effect of pirfenidone did not reach statistical significance in patients with baseline FVC ⩾80% ( p=0.0514).
Compared with placebo patients, pirfenidone-treated patients with FVC <80%/GAP stage II-III were significantly less likely to experience a ⩾20 point worsening of UCSD SOBQ scores or death at 12 months (for FVC <80%, p=0.0096; for GAP stage II-III, p=0.0053). Conversely, in patients with baseline FVC ⩾80% or GAP stage I disease, the relative difference in the proportion of pirfenidone-versus placebo-treated patients experiencing a ⩾20 point worsening of UCSD SOBQ scores or death at 12 months was not significant ( p=0.8929 and p=0.9767, respectively). These results indicate that pirfenidone treatment in the subgroup of patients with more preserved lung function at baseline did not have a significant treatment benefit on dyspnoea scores.
Standardised treatment effect of pirfenidone by baseline lung function
Pirfenidone effectively reduced disease progression at 12 months as assessed by changes in different functional measures in both the baseline FVC <80%/GAP stage II-III and FVC ⩾80%/GAP stage I subgroups, with no significant differences between the groups (figure 2). The magnitude of pirfenidone treatment effect on reducing categorical FVC decline or death was similar in both FVC <80%/GAP stage II-III and FVC ⩾80%/GAP stage I subgroups (treatment-by-subgroup interaction p-values: FVC p=0.3969; GAP index p=0.8152). Sensitivity analyses performed without imputation confirmed the positive treatment effect of pirfenidone versus placebo on change in FVC through 12 months, with larger treatment effects generally observed in patients with FVC ⩾80%/GAP stage I (online supplementary table S3) .
Similarly, pirfenidone consistently reduced the categorical decline in 6MWD or death in both FVC <80%/GAP stage II-III and FVC ⩾80%/GAP stage I subgroups, with comparable magnitude of treatment effect (treatment-by-subgroup p-values: FVC p=0.9583; GAP index p=0.9327). Also, the treatment effect of pirfenidone on reducing the proportion of patients experiencing a categorical worsening of dyspnoea or death was not statistically significantly different for the FVC <80%/GAP stage II-III versus the FVC ⩾80%/GAP stage I subgroups (treatment-by-subgroup interaction p-values: FVC p=0.1957; GAP index p=0.0804).
Safety outcomes
Overall, the incidence of treatment-emergent adverse events was mostly similar across baseline stages of lung function (table 2) . Most events were mild to moderate in intensity, with no meaningful differences in treatment-emergent adverse events between the pirfenidone groups; however, grade 4 treatment-emergent adverse events were more frequent in the GAP stage II-III versus I group in the placebo population (7.2% versus 2.6%). Treatment-emergent adverse events leading to discontinuation and treatment-emergent serious adverse events were more frequent in patients with less preserved lung function in both pirfenidone and placebo groups.
The most common treatment-emergent adverse events (observed in ⩾10% of patients in either treatment group) included gastrointestinal and respiratory events and skin rashes (table 3) . Overall, there were no differences in the type of adverse events reported in patients with baseline FVC <80%/GAP stage II-III disease versus patients with baseline FVC ⩾80%/GAP stage I disease. Data are presented as n or n (%). FVC: forced vital capacity; GAP: gender, age and physiology index.
# : occurring through 12 months during treatment period (from the first dose up to 28 days after the last dose of study drug).
Discussion
This post hoc analysis used pooled data from patients randomised to pirfenidone 2403 mg·day −1 or placebo in three phase 3 controlled trials to assess disease progression and the treatment effect of pirfenidone in patients categorised by baseline stage of lung function. While all patients demonstrated a decline in FVC, 6MWD and dyspnoea at 12 months, irrespective of stage of lung function at baseline, treatment outcomes were better in patients randomised to pirfenidone versus placebo. The effect of pirfenidone treatment on reduction of categorical FVC and 6MWD decline at 12 months was generally consistent and statistically significant across subgroups, regardless of whether baseline lung function was defined using FVC or GAP index stage. Only patients with FVC <80% or GAP stage II-III at baseline experienced a significant treatment effect with pirfenidone on reducing worsening of dyspnoea at 12 months as compared with placebo. However, the treatment-by-subgroup interaction demonstrated that there were no statistically significant differences in treatment effect on dyspnoea in the FVC <80%/GAP stage II-III subgroups versus the FVC ⩾80%/GAP stage I subgroups, suggesting that dyspnoea scores may not provide useful end-point information in patients with milder lung impairment.
There is no consensus on how to classify disease severity in patients with IPF. In this analysis, FVC and GAP index were used as two separate methods of categorising patients as having more preserved versus less preserved lung function at baseline, with the understanding that baseline FVC values may not accurately represent severity of impairment relative to pre-morbid values (i.e. a baseline value of 85% may still be "severe" for a patient with a pre-morbid value of 130%). Generally, FVC is considered to be the most reliable measure of disease progression, with less intra-and intersubject variability than the 6MWD and UCSD SOBQ [6-8, 16, 23] . A decline of 5% in FVC is prognostically important, and a decline of ⩾10% suggests an increased risk of death within 12 months [6, 16, 24] . A retrospective analysis of patients with IPF compared the prognostic value of using relative versus absolute changes to identify patients with a ⩾10% decline in FVC and found that relative changes in FVC may be more sensitive [7] ; however, evidence-based guidelines for the management of IPF suggest that measuring an absolute decline ⩾10% in FVC (as performed in the current analysis) is an acceptable method of assessing disease severity and estimating the risk of mortality [2] . The same guidelines also consider an absolute decline ⩾15% in DLCO as a surrogate marker of mortality and a potential indicator of disease progression [2] . However, DLCO was only measured at baseline in the PIPF-016 study and was not significantly altered by pirfenidone in the PIPF-004 and PIPF-006 studies [12, 13] ; therefore, the use of DLCO would not have been feasible nor sensitive enough to detect disease progression with pirfenidone treatment in the current analysis.
A recent study examined the consistency of the effect of nintedanib across a range of IPF phenotypes through various pre-specified subgroup analyses of pooled data from the phase 3 clinical trials, including stratification by baseline FVC % pred (⩽70% versus >70%) [25] . The authors concluded that the treatment Data are presented as n or n (%). FVC: forced vital capacity; GAP: gender, age and physiology index.
effect of nintedanib was consistent across all pre-specified subgroups, which is in agreement with the recently published subgroup analysis of the treatment effect of pirfenidone on FVC decline using pooled data from the phase 3 clinical trials [26] . Both studies strengthen the data in the current analysis and provide further support that treatment for IPF is beneficial regardless of baseline demographic or clinical characteristics.
A number of limitations should be considered in light of these results. First, this was a post hoc pooled analysis of three phase 3 studies with slight differences in study design (e.g. different durations of treatment, primary efficacy end-points assessed at different times and slightly different inclusion criteria). The analysis was not powered to assess differences in the categorical efficacy outcomes by different stages of lung function. Second, the comparisons between subgroups in this analysis should be interpreted with caution because there were more patients with less preserved lung function at baseline ( particularly when assessed by FVC method) than more preserved lung function. It should also be noted that patient characteristics in this analysis were defined by the inclusion criteria of the individual phase 3 studies (e.g. FVC 50-90% and DLCO 30-90% in ASCEND and FVC 50-90% and DLCO 35-90% in CAPACITY, respectively) and may not reflect patients with IPF seen in clinical practice, who may have more or less impaired lung function, or who may present with more comorbidities. Third, we did not analyse how individual components of the GAP index may influence the categorisation of patients as having GAP stage I versus II-III disease, i.e. further analyses were not performed to assess whether age, sex or physiological factors (FVC or DLCO) were the main drivers of GAP index stages. Despite the underrepresentation of patients with GAP stage III disease, likely attributed to the exclusion of patients with severe disease (FVC <50% and/or DLCO <30% or <35%) from the clinical trials, GAP staging and subsequent analysis of outcomes by GAP stage I versus II-III is still valuable, because it is a commonly used predictor for future mortality. Finally, it should be emphasised that there are no universal definitions for different subgroups of disease severity. Other analyses and publications may refer to "mild" and "moderate" disease, with different cut-off points for each subgroup; however, these values have not been validated in IPF populations. Furthermore, the terms "mild" and "moderate" may not be appropriate in the context of an irreversible, progressive disease, while "early" and "late/advanced" disease may be difficult to characterise in the context of an unpredictable disease that may not be diagnosed right away.
Overall, in this pooled phase 3 clinical trial population of patients with IPF, clinically significant disease progression occurred in patients with both more preserved and less preserved lung function at baseline, regardless of whether this was classified by FVC or GAP index stage. Likewise, the magnitude of pirfenidone treatment effect on functional measures was comparable between the FVC ⩾80% versus <80% and the GAP stage I versus II-III subgroups. Taken together, these findings support the initiation of treatment with pirfenidone, irrespective of stage of lung function at baseline; however, as recommended by the current clinical practice guidelines, shared decision making between clinician and patient is encouraged when choosing the most appropriate therapy [27] .
